AbsmctSome of manufacturing tasks such as sawing task often require continuous impulsive motion. In case of sawing task, such impulsive motions can be observed between the teeth of the saw and the object being sawn. The amount ofthe external impulse exerted on the abject is treated BS an Important control parameter in the sawing task. The purpose of this work is to show the efficacy of sawing task by using a dual-arm. For this, a mew concept ofeflective mass is introduced to model the impact pbenomenon io the sawing task. Using this concept, the external impulse model of sawiog tasks is suggested. The optimal sawing region is identified in which the amount of ertemal impulse is msrimlzed. It is demonstrated through simulation and experiment that the dual-arm exhibits better sawing performance over a single arm in aspects of external impulse.
INTRODUCTION
It is believed that robot manipulators will be appropriate for the light machining tasks. However, for the effective operation in such tasks, we have to take into account the physical characteristics of such tasks. For example, m sawing task, continuous impulsive motion is required between the teeth of the saw and the object being sawn. Another important feature of manufacturing tasks is the ulastic deformation of the object. The sawn parts are deformed perm impact, the robot is controlled to minimize the amount of extemal impulse transmined to the robot upon abrupt contact. On the contrary, the amount of extemal impulse should be maximized in some manufacturing tasks. However, the internal impulse exuerienced at the ioints of the human-body should be &zed to avoid ihjury or damage. For such purpose, human usually identifies how to saw and where to saw by experiences. But, the mhot should he trained to perfonn the sawing task effectively. Kim, et al. [6] proposed a normalized impact geomeny and performance measure based on Velocity direction. However, their algorithm was confined to external impulse model for serial robotic system. Lee and Yi, et al. [7] proposed a closed-form, explicit external and internal impulse models for general classes of multi-body mechanisms. And, Lee and Yi, et al. [Y] suggested an external impulse model and an internal impulse measure for sawing task to show the efficiency of sawing task by using a dual-am However, the previous algorithm was solely based on simulation results without any experimental verification.
Multiple cooperating robots can perform tasks more efficiently, which cannot be canied out by using a single arm. These tasks include the handling of heavy and large objects, and assembly of complex parts or p m mating, and so on. One of the @ical features of such multiple robot systems is redundant actuation mode. This mode enhances the performances of the system in aspects of singularity avoidance, increase of payload, stiffUess, and development of multiple sub-criteria.
In this work, we investigate the advantage of dual-arm or multiple arms in the viewpoint of impulses. This paper deals with a new concept of an effective mass in sawing task and suggests an external impulse model for sawing task. It is demonstrated through simulation and experiment that the proposed external impulse model is coincident to the experimental result.
11.
Most generally, the impact is partially elastic in the range of 0 < e < 1 . When the coefficient of restitution e is known, the relative velocity of colliding bodies can be obtained immediately after the impact. The component of the increment of relative velocity along a vector n that is normal to the contact surface is given by [4]
where U, and U > are the absolute velocities of the colliding bodies immediately before impact, and Au, and Au: are the velocity increments immediately after impact.
When a robot system interacts with environment, the dynamic model of the robot referenced to the independent joint set is given by a = I~~l~+ $ [ p~l R -[ G~l r q , (2) where To denotes the inertial load vector referenced to the independent joint set. [I:] and [PL] represent the inema matrix and the inertia power array referenced to the independent joint set, respectively [7] . And F, is the impulsive external force at the contact point and [C:] E'R''~* is the I" order KIC relating the contact point velocity U, with respect to the inertial frame to the independent joint velocity. and tbe velocity increment at the contact point is obtained by the following kinematic relationship.
A. Effective Mass
Now, let us consider a sawing task. A sawing task can be considered as a continnous collision between the teeth of the saw and the chip to be fabricated, and the impulsive force due to collision creates fixture of the chip. We assume that the fracture happens due to the shearing force formed at the bottom of the chip. That is, the lower part of a chip is fractured by the pushing of a tooth. Based on this condition, a concept of effective mass [ M i ] is introduced to explain the chip dynamics. Fig. 2 represents the microscopic view of a sawing task. The dynamics of the chip can be described as where F, denotes the impulsive force exerted on a chip by the tooth, A U~ the velocity increment of the chip, AI* a period to saw off a piece of chip from the material, respectively. AI< can be computed by consideration of the geometry of saw and the sawing velocity where d , is the distance between two adjacent teeth of the saw, and it is given as Imm in the saw being employed Now, the effective mass of the chip being sawn is calculated fiom Eq. For the situation of a robot arm in contact with a solid object, such as a wall, we have the condition, uc = Auc = 0 .
And the contact impulse force fi, is derived as (a) Geometry of SBW and chip
For the sawing task, the object to be sawn is initially stationary and the sawn chip deforms permanently. Thus, we have U, = 0 and e = 0 . The extemal impulse force 4 for the sawing task is then given by where the fust term and the second term of the denominator represents the effective dynamics contributing to the extemal impulse force. The fust term is associated with the manipulator dynamics. Meanwhile, the second term is associated with the material property of the chip to be sawn. Thus, the hdness of the object to he sawn changes the magnitude of the extemal impulsive force. Bigger impulsive force would be required to saw out rather hard material as compared to soft material. The second term explains this phenomenon. However, this method does not consider the magnitude and direction of the velocity, which plays an important role in the magnitude of the extemal impulse. And also the magnitude of this ellipsoid does not directly represent the impact force.
III. IWULSE GEOMETRY
Kim, et a1.
[6] proposed a normalized impact geomeby for serial manipulators. Consider Fig. 3 in which let n be the unit normal vector to the environment and Y, is the preimpulse velocity to the normal direction of the object to be fabricated. Normalized impulse geometry in ! l l -based on n'v, is defined by This means the range of directional impact force for given n-directional task velocity like Eq. (16). The magnitude and direction of task velocity, which play an important role in the magnitude of impulsive force, are considered in this geometry.
The normalized impact geomerry can he extended to parallel manipulators like dual-ann. It is defined by
n ' ( [ C~] [ I L ] -' [ G~] ' ) n~S 1, (n E W)
where, [I:] represent the inertia matrix referenced to the independent joint set, and [CY.] E %' "' ". is the 1" order KIC' relating the contact point's velocity U, to the independent joint's velocity, respectively. The normalized impact geometry is obtained from E.q. (18) by calculating the maximum value of F-for each direction of n . The resulting ellipsoid is a form of belted ellipsoid.
From Eq. (12), we define the extemal impulse measure. In case of the sawing task, the velocity vector of the saw has the same direction as n . That is, U, = Iu,/n (refer to Fig.   2 ). Also note that e becomes zero in the manufacturing tasks yielding plastic deformation of the part to be fabricated Thus, the extemal impulse measure for the sawing task is defmed as 
W . SMULATION AND EXPERIMENTS

A. Simulation
Human sawing task is modeled with the parameters of male adults [5]. The numerical values of the kinematic and dynamic parameters used in simulation are presented in Table I . Fig. 4 (a) and Fig. 4 (b) represent models of human sawing tasks using single arm and dual-ann, respectively. Human sawing task using a single arm is modeled as a 3 link planar serial manipulator. And human sawing task using a dual-ann is modeled as a 6 joints planar manipulator. e, ( e, ), e, (e, ), and e, (e, ) represent the shoulder joint, elbow joint, and wrist joint of the human arm, respectively. And the third link represents the human hand grasping the sawing tool. The purpose of sawing task will be to maximize the extemal impulse exerted on the object to be sawn by the saw. We investigate the distribution of extemal impulse for the given model. It is assumed that the velocity of the moving saw is 0.1 d s to the right direction. Coefficient of restitution e is assumed zero because of the plastic The external impulse diseibutions of the single and dual ann systems are depicted in Fig. 5 through Fig. 6 . Here, Fig.  5 is for the case of sawing task by using a single arm, Fig. 6 is for the case of sawing task by using a dual-ann, respectively. The height of the plots denotes the amount of the external impulse evaluated at each position.
The result of the analysis is as follows ; The characteristics of the external impulse can be also observed in terms of the impulse geometry. Fig. 7 denotes the impulse geomeny described by the normalized impact geometry given in Eq. (17). The dashed line denotes the external impulse. It is observed that the external ellipsoid for the optimal region is larger than that of the non-optimal region; compare Fig. 7 (a) and 0) .
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1 SI I * optimal sawing region. This result is coincident io the human experience. Fig. 8 (a) 8. In this simulation result shown in Fig. 8(a) , the solid line denotes the impulse profile for the optimal region and the dashed line denotes the impulse profile for the non-optimal region. Fig. 9(b) and (c) show experimental impulse profiles for optimal and non-optimal region, respectively. The extemal impulse was calculated by measuring the force data and numerical integration of it for interval of IOms. It is observed from these graphs that the impulse value at the optimal region is larger than that of the nonoptimal region. And the simulation result accords well with the experimental result. Thus, this illustrates that the model for the effective mass is valuable.
E. Experiments
'.mqT"lluaP, Fig. 10 represents the simulation and experimental results for dual-arm sawing task with hard material whose effective mass is calculated as ahout 7.5kg. Like Fig. 9 , large external impulses are achieved at the optimal region. And the overall magnitude of the extemal impulse for a hard material is larger than that for soft material. Fig. 11 represents the simulation and experimental results for a single arm sawing task with hard material whose effective mass is about 7.5kg. Like dual-arm sawing task, large external impulses are achieved at the optimal region. It is observed that the overall magnitude of the extemal impulse for dual-arm sawing task is larger than that for a single arm sawing task. This illustrates another merit of using a dual-arm, compared to a single arm.
V. CONCLUSION
In the robotic manufacturing tasks such as sawing works, the amount of extemal impulse exerted on the object is an important control parameter. In this paper, a new concept of effective mass is introduced to model the impact phenomenon in the sawing task. Using this concept, the extemal impulse model of sawing tasks is suggested Several simulations and experiments are performed for single and dual arms. Both soft and hard work-pieces are tested to justify the extemal impulse model in the sawing task. The feasibility of the proposed extemal impulse model is demonstrated by experimental work. Another merit of using the dual-arm is also shown in the view point of external impulse, through the sawing task.
General conclusion is that the extemal impulse exerted on objects and joints largely depends on the geometry and dynamic characteristics of manufacturing tasks. Specifically, utilization of dual-arms or multiple arms is effective to enhance the performance of the sawing task in aspect of maximizing extemal impulse and minimizing intemal impulse of the joints.
